The current study aimed to investigate the spatial and temporal patterns of highfrequency oscillations (HFOs) in the intra-/extrahippocampal areas during epileptogenesis. Local field potentials were bilaterally recorded from hippocampus (CA1), thalamus, motor cortex, and prefrontal cortex in 13 rats before and after intrahippocampal kainic acid (KA) lesions. HFOs in the ripple (100-200 Hz) and fast ripple (250-500 Hz) ranges were detected and their rates were computed during different time periods (1-5 weeks) after KA-induced status epilepticus (SE).
| INTRODUCTION
During the past 2 decades, enormous contributions have been made to identify the role of high-frequency oscillations (HFOs) in relation to epileptogenesis and seizure genesis. [1] [2] [3] In clinical epileptology, the identification of a close spatial association between the location of HFOs and the seizure onset zone has led to the integration of measurements of HFOs in presurgical examinations, as removal of regions with high rates of HFO occurrence is associated with a good postoperative outcome. 2 However, at present, the role of HFOs in relation to epileptogenesis is unclear. If a predictive role of HFOs is identified, it could have a significant benefit for the development of approaches to prevent and cure epilepsy. 1, 3 Prior studies in the intrahippocampal kainic acid (KA) rat model of temporal lobe epilepsy (TLE) revealed the occurrence of pathological HFOs (pHFOs) in the dentate gyrus ipsilateral to the lesions in animals that subsequently developed spontaneous seizures, whereas pHFOs were not found in those animals that did not develop epilepsy. 4 Precise studies, such as assessment of voltage depth profiles, multiunit activity, and spike clustering, suggest that the appearance of pHFOs reflects summation of action potentials of synchronously bursting neurons, comprising discrete local networks of pathologically interconnected neurons (PIN clusters), 4, 5 which play a critical role in epileptogenesis.
These studies, however, focused on hippocampal or parahippocampal areas, such as subiculum, CA1, and dentate gyrus.
It has become evident that epilepsy is a network phenomenon and even focal epilepsy is associated with abnormal changes in connectivity between multiple brain areas. 7 Therefore, research on HFOs needs to be extended to extrahippocampal structures. If the process of epileptogenesis requires formation of a widespread network of PIN clusters, 5 pHFOs during epileptogenesis should also appear in areas outside of hippocampus (HP). In the present study, we carried out microelectrode recordings of multiple brain areas in an animal model of TLE, to investigate the changes in spatial and temporal patterns of HFO occurrence from baseline through the latent period of epilepsy in animals that did, and did not develop epilepsy.
| MATERIALS AND METHODS

| Animal preparation and data acquisition
Adult Wistar rats (250-300 g, n = 17) were anesthetized with 2.0% isoflurane during microelectrode implantation. A guide cannula was implanted above the CA3 (anteroposte- ; AP = À6.0, ML = AE4.6, DV = 4.5). 8 Additionally, ground and reference electrodes were positioned above the cerebellum. All the procedures were approved by the University of California, Los Angeles Institutional Animal Care and Use Committee. Local field potentials (LFPs) with a wide bandwidth range from 0.1 to 3.0 kHz (16 channels) were recorded using the Intan RHD 2000 digital system (Intan Technologies, Los Angeles, CA, USA). Beginning 1 week after microelectrode implantation, freely moving rats were plugged into the data acquisition system and signals were recorded for 7 days as the baseline condition. Then, 10.0 lmolÁL -1 /0.4 lL of KA was injected into the CA3 area of LHP. The animals were placed in their home cages and observed with 24-h/d video-electroencephalographic (EEG) monitoring for up to 5 weeks. Status epilepticus (SE) and chronic seizures were identified by reviewing animals' behavior and by offline review of raw EEG data based on the criteria suggested by Bragin et al. 6 Animals were divided into 2 groups: those that developed spontaneous seizures (E+) and those that did not develop spontaneous seizures (EÀ).
| Data analysis
We separated our experiments into 6 recording periods (baseline and latent period [week 1-week 5]) for further data processing. Three to 10 minutes of LFPs during slow wave sleep were selected from each animal in each week by excluding motion artifacts and sleep spindles. The selected data were later imported to the EEGLAB 9 for preprocessing. HFOs (100-500 Hz) were detected based on the method suggested by Staba et al 10 and performed in a MATLAB (MathWorks, Natick, MA, USA) toolbox RIP-PLELAB 11 (see Appendix S1 for details). The HFO data that were within the same group were combined into larger files, and the HFO events were detected based on onset of the oscillations. The rate of HFO occurrence (number per minute) was analyzed at each recording site during both baseline and latent periods. Wavelet analysis was then conducted to describe the time-frequency profile of the HFO events, which were further classified into ripples (80-250 Hz) and fast ripples (FRs; 250-500 Hz). 4 Statistical analysis was performed using 1-way analysis of variance (ANOVA) for the comparison of total HFO rate in both EÀ and E+ groups. A Dunnett post hoc test was applied for multicomparison between baseline and latent periods (specifically, baseline vs week 1, week 2, week 3, week 4, and week 5 within each animal group). Two-sample t test with unequal variances was applied to compare the total HFO rate between E+ and EÀ groups in each recorded period.
| RESULTS
Four of 17 animals died either during KA treatment or during the first 3 weeks after SE. Electrographic recordings were successfully conducted in the remaining 13 animals. Among these animals, 7 developed epilepsy (E+) and 6 did not (EÀ). Types of seizure onsets and their patterns were similar to what was described in our previous publications 12, 13 ; the quantification of seizure duration, occurrence, and type are described in Appendix S1.
| Spatial and temporal distribution of total HFOs during epileptogenesis
Quantitative analysis of total HFO rate (including both ripples and FRs, n/min) is shown in Figure 1 . There was a statistically significant difference of total HFO rate between baseline and latent period in both the EÀ and E+ groups as determined by 1-way ANOVA (EÀ: F 5, 30 = 4.58, e52 | P = .003; E+: F 5, 36 = 5.10, P < .001). Specifically, a Dunnett post hoc test revealed that in the EÀ group, significant increases in total HFO rate were observed in week 1 (1.78 + 1.29, P = .02), week 2 (1.54 + 1.20, P = .03), and week 4 (1.62 + 0.45, P = .002) compared to the baseline (0.28 + 0.39). In the E+ group, increases in HFO rate occurred in all 5 latent periods (week 1: 2.08 + 1.42, P = .03; week 2: 3.20 + 2.18, P = .008; week 3: 3.92 + 2.31, P = .002; week 4: 4.11 + 1.30, P < .001; week 5: 2.11 + 1.51, P = .034) and were significantly higher than the baseline (0.62 + 0.97). Two-sample t test (unequal variances) revealed no significant differences in total HFO rates between EÀ and E+ groups at baseline (0.28 AE 0.39 vs 0.62 AE 0.97, P = .64) and week 1(1.78 AE 1.29 vs 2.08 AE 1.42, P = .68). However, the differences in total HFO rate began to be noticeably higher in the E+ group from the second week after KA injection. From week 2 to week 4, the total HFO rates in the E+ group were +108% (3.20 AE 2.18 vs 1.54 AE 1.20, P = .03), +833% (3.92 + 2.31 vs 0.42 AE 0.29, P < .001), and +154% (4.11 AE 1.30 vs 1.62 AE 0.45, P = .01) higher than in the EÀ group. We did not observe a significant difference in HFO rates between the E+ and EÀ groups in week 5 at the P < .05 level, but the E+ group was significant higher at the P < .1 level (2.11 AE 1.51 vs 0.77 AE 0.18, P = .076).
It was noticed that changes in the total HFO rates in the EÀ group during the latent period were primarily due to changes in HFO rate in ipsilateral HP (LHP). Specifically, the ratio of (LHP rate) / (total HFO rate) in the EÀ group was 70% in week 1, 90% in week 2, 50% in week 3, 77% in week 4, and 44% in week 5, whereas in the E+ group, these rates were 22%, 33%, 42%, 35%, and 7%, respectively.
| Ripple and FR occurrence at baseline and during the latent period
Ripple and FR events were observed throughout the entire recorded latent period in the animals that later developed epilepsy. Figure Figure 2D ) in the E+ group. Raw data, bandpass-filtered (100-500 Hz) data, and time-frequency profiles shown in these cases reveal both ripples and FRs during a 300-millisecond epoch.
To demonstrate the progression of HFOs during the latent period, we selected 10-minute HFO EEG sequences for each week in the EÀ ( Figure 2E ) and E+ groups (Figure 2F ) and identified ripples (blue) and FRs (red). Starting at week 1, there was an obvious increase in ripples in LHP in both groups. However, only rats that later developed epilepsy ( Figure 2E ) revealed an increase of ripple events in other remote recording areas, such as LPC/RPC (week 1-5), TH (week 1-5), and contralateral HP (week 2-4). No obvious changes in ripple activity outside the ipsilateral HP were observed in the EÀ group, except for a small number of ripples noticed in ipsilateral PC (week 3 and week 5) and bilateral MC (week 1; Figure 2F ). FRs were not observed in either group during the baseline period, but began to appear in the first week after KA injection. During week1, FRs were only detected in LHP near the lesion site in the EÀ group (week 1; Figure 2E ), whereas they occurred in LPC, RMC, RTH, and bilateral HP (LHP and RHP) in the E+ group (week 1; Figure 2F ). FRs were not observed in the EÀ group for the rest of the latent period. Detailed measures of ripple and FR rates are shown in Table S1 .
| DISCUSSION
This study investigated spatial and temporal features of HFOs in the intrahippocampal KA-induced SE rat model of chronic epilepsy during baseline and the latent period in rats that did and did not develop epilepsy. Our major finding is the existence of extrahippocampal HFOs during epileptogenesis after local lesion of HP. During the latent period, increases of total HFOs were observed in both groups, but total HFO rates in E+ animals were much higher than in EÀ animals. Widespread appearance of both ripples and FRs was only observed in the E+ group. FRs were only observed in the EÀ group at the site of KA F I G U R E 1 Group comparison of total high-frequency oscillation (HFO; ripple + fast ripple) rates between EÀ and E+ groups across all periods of recordings. The bar plot of total HFO rate with mean and standard deviations in EÀ (blue) and E+ (yellow) indicates an overall larger HFO rate in the E+ group during the latent period. *Significant differences (P < .05) between latent period (weeks [1] [2] [3] [4] [5] and baseline in either the EÀ (blue) or the E+ (yellow) group. + Significant differences (P < .05) between the EÀ and E+ groups in each recording period injection in the first week, and the increase in ripple activity in the EÀ group occurred primarily within the lesioned HP. Overall, our results indicate a unique relationship between increased widespread ripple and FR HFOs and the later development of epilepsy, suggesting development of a large-scale-rather than local-pathological network during epileptogenesis.
Increased HFO rates after SE have been widely observed in experimental models of TLE, in HP, dentate gyrus, and entorhinal cortex.
6,14-16 Bragin et al suggested that HFOs in both the ripple and FR ranges can be pathological after SE. 6 Our observations of increased total HFOs in week 1 in both groups of animals could result from a nonspecific neuronal reaction after SE. In the animals that later developed epilepsy, the hippocampal HFO rate remained greater than the baseline over the entire latent period, which is consistent with our previous data. 6, 14 Our previous studies did not reveal any FRs in lesioned HP in animals that did not develop epilepsy. 6 We speculate that the few FRs observed in week 1 in the EÀ group reported here represent transient pathological neuron firing due to the acute lesion effect. It must be considered, however, that some rats that did not develop epilepsy within the time frame of this study might have developed epilepsy later if they had been allowed to survive. A unique finding of this study is the appearances of HFOs, especially FRs, during the latent period in extrahippocampal areas. Although former animal studies have described the presence of FRs during epileptogenesis in the intrahippocampal and parahippocampal areas, 5, 6, 14 no studies have examined the extrahippocampal areas during epileptogenesis. However, FRs have been reported in lamic FRs in patients with epilepsy (n = 4) during deep brain stimulation. 19 The appearance of FRs in extrahippocampal areas during the latent period in animals that developed epilepsy could be interpreted to mean that widespread pathological networks contribute to the development of epileptogenesis. The mechanism of occurrence of HFOs in these nonlesioned areas is not clear. It might be a result of the death of a subset of interneurons in distant brain areas due to the generalized seizures of status epilepticus, synaptic reorganization due to propagation of epileptiform activity from the site of injection, or purely functional changes. Further experiments are required to answer these questions.
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